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Abstract. Coal fly ash is a complex mixture of anthropogenic materials produced during the 
combustion of pulverised coal in coal fired power plants. They pose environmental concerns that lead 
to air and water pollution. Effort has been done to reduce the production of coal fly ash or to extract 
potentially valuable products from coal fly ash, such as cenospheres. Cenospheres are light, low 
density, thin-walled hollow ceramic microsphere with unique properties. Conventional cenosphere 
production methods involve the separation of cenospheres from coal fly ash. Due to its small 
quantities in fly ash (1 % wt.), separation process results in low production of cenospheres. In this 
work, an attempt by applying a vertical thermal flame (VTF) process is done to produce cenospheres 
from coal fly ash. Particle size of coal fly ash 63 to 90 μm and 90 to 126 μm are selected to undergo 
the VTF process. Effect of size of precursor, number of passes through the thermal process, density, 
morphology and particles size of generated spheres are evaluated. The results show that different sizes 
of coal fly ash and number of passes through the VTF process affect the morphology of obtained 
spheres and the overall real density. Further optimization of the VTF process design in terms of heat 
source and the feeding mechanism are required to increase the transformation of coal fly ash to 
cenospheres. 
Introduction 
Coal fly ash is a by-product produced during the combustion of pulverised coal in coal fired 
powerplants. Estimation shows that the production of coal fly ash is about 500 million tonnes per year 
[1]. Even though global utilization of coal fly ash is estimated around 40 %, the disposal of large 
amounts of coal fly ash is still a prominent threat to the environment such as leaching of toxic 
substance into the ground [2] . One of the most value added component present in coal fly ash are 
hollow spherical particles known as cenospheres [3]. Ngu et al. [4 reported that coal fly ash contain 
trace amounts of cenosphere (1 % wt.). Cenospheres are light, thin-walled hollow ceramic 
microsphere [5]. It has low density (0.2 to 0.8 g/cm3) and is typically made up of 45 to 60 % of silicon 
dioxide, 20 to 30 % of aluminium oxide, traces amount of calcium oxides, and mineral matter [6]. Its 
size generally ranges from 20 to 250 μm with shell thickness about 5 to 10 % of its diameter [7]. The 
unique properties of cenosphere allow manufacturers to produce materials such as ultra-low thermal 
conductivity coatings [8]. Conventional production of cenospheres involve the separation of 
cenopsheres from coal fly ash. The sink float method and centrifuge method are two widely used 
separation processes [3]. As trace amounts of cenospheres are present in fly ash, separation processes 
result in low production of cenospheres. Saucedo et al. [9] demonstrated the possibility of producing 
glass microspheres from blast furnace slag using a novel production process assisted by plasma. Also, 
Kourti et al. [10] rapidly sintered fly ash and glass mixture to produce a lightweight aggregate. 
 Subsequently, Saucedo et al. [11] has successfully produced glass spheres using thermal flame 
projection process which is more economically feasible compared to their initial study in 2012. This 
paper is intended to propose a vertical thermal flame (VTF) process modified from the process used 
by Saucedo et al. [11] to produce cenospheres from fly ash. There are three sections in this paper; the 
methodology of the experimental set up followed by results and discussion on the cenosphere 
characterization. Lastly, conclusion and future work are discussed. 
Methodology 
This work focuses on the potential and performance of the VTF process in producing cenospheres 
from coal fly ash. Coal fly ash particles are pre-treated before undergoing the VTF process. The 
pre-treatment process includes ball milling, spray drying, and sieving. Two size ranges of the 
pre-treated fly ash particles (63 to 90 μm and 90 to 125 μm) are selected for this work to study the 
effect of particle size on the performance of VTF process.  
     VTF process is done by setting up a vertical flame as a source of heat. Fig. 1 shows the equipment 
set up of the VTF process. Propane and air are adjusted to produce a blue flame with constant height 
of 7 cm. The flame is projected from a bunsen burner with the air and propane supply connected to it. 
Once the flame has fully developed, it is positioned into a quartz tube held vertically by a retort stand; 
pre-treated fly ash particles are then fed into the quartz tube via the top opening. The particles are 
collected at the bottom and cooled via a collection funnel. This would be considered a single pass. The 
thermal treated particles then undergo a second pass through the VTF process to compare the results.  
 
 
Figure 1: VTF process equipment set up 
 
The thermal treated particles that are collected at the container are screened and observed of its 
morphology changes using the TM-1000 tabletop Scanning Election Microscope (SEM). These 
particles are observed using various magnifications between 170x to 700x. Changes in morphology 
provides a good indication of potential cenosphere formation from coal fly ash.  
The helium pycnometer AccuPyc 1300 V3 is used to measure the real density of coal fly ash and 
thermal treated particles. Data from this measurement will provide information on any potential real 
density reduction of the particles after the VTF process. The test is carried out according to standard 
ASTM D5965. 
Results and Discussion 
Morphology and particle size. A total of six samples are evaluated. Those samples are coal fly 
ash particles of 63 to 93 μm and 90 to 125 μm, and thermal treated particles for 63 to 90 μm and 90 to 
125 μm with single and second passes, respectively. Fig. 2 (a) and (d) shows the SEM capture of coal 
fly ash of particle size 63 to 93 μm and 90 to 125 μm. The morphology of some of the thermal treated 
particles was observed to have transformed into smooth spherical particles in both particle size 
 ranges. Indicated with yellow circles, Fig. 2 (b) and (c) shows the smooth spherical particles formed 
for sample 63 to 90 μm for single and second passes. The results show that more smooth spherical 
particles are produced in the thermal treated particles with second passes. It is also observed that the 
smooth spherical particles appears to be larger in size when compared to the bulk particles, indicating 
that the fly ash has successfully transformed into cenospheres [12] . Overall, there are more smooth 
spherical particles in the 63 to 90 μm sample for single and double passes when compared to the 90 to 
125 μm sample. It is believed that the heat produced by the VTF process was insufficient to melt the 























Figure 2: The morphology of the thermal treated coal fly ash: (a) control sample for particle size 63 to 
90 μm; (b) formation of smooth spherical particles in particle size 63 to 90 μm after single pass; (c) 
formation of smooth spherical particles in 63 to 90 μm after second pass; (d) control sample for 
particle size 90 to 125 μm; (e) formation of partially melted particles in particle size 90 to 125 μm 
after single pass; (f) formation of smooth and partially melted particles in sample 90 to 125 μm after 
second pass 
Real density of fly ash and thermal treated particles. The real density of the control and thermal 
treated particles are presented in Table 1. Before the VTF process, the coal fly ash with  particles size 
63 to 90 μm and 90 to 125 μm showed relatively similar real density, i.e.: 2.2448 g/cm3 and 2.2581 
g/cm3 respectively. There is approximately 0.5 % difference in density of both sample size and this 
proves that the feed particles have uniform real density.  
For the particles sized of 63 to 90 μm particles with single pass through the VTF process, the real 
density is found to be 2.1906 g/cm3. This is a 2.4 % reduction in comparison with the control sample. 
As for particles size of 90 to 125 μm, there was no density change in the first pass, however a 3.1% 
reduction in real density is recorded after a second passing through the VTF process. The slight 
reduction in real density of the thermal treated particles is another good indication that, small amount 
of particles have transformed into low density censopheres [9]. 
 
Table 1: Particle size ranges, density reduction of particles, density of thermal treated particles 
Particle size 
ranges 
Control Single Pass Second Pass Density 
Reduction [%] Real Density [g/cm3] Real Density [g/cm3] Real Density [g/cm3] 
63 to 90 μm 2.2448 2.1906 - 2.4 
90 to 125 μm 2.2581 2.2756 2.1882 3.1 
(a) (b) (c) 
(d) (e) (f) 
 Conclusion 
Trace amounts of smooth spherical spheres has been successfully produced from two variable sizes of 
fly ash particles(63 to 93 μm and 90 to 125 μm) by passing them through the VTF process. 
Furthermore, a density reduction of 2.4 % and 3.1 % after the thermal process was recorded for both 
sample particle size respectively. Judging from the experimental results, the VTF  process shows 
good potential and should be further optimized to efficiently transform fly ash into cenospheres at a 
reasonable rate.  
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